INTRODUCTION
Understanding the structure of functionally important RNA domains is essential for learning the principles of RNA folding, its catalytic properties and the specificity of RNA-protein interactions (1) . In recent years, advances in heteronuclear and multi-dimensional NMR spectroscopy (2-4), enzymatic and chemical oligoribonucleotide synthesis (5, 6) and both uniform (4,7) and regioselective (8) isotopic RNA labelling have resulted in the determination of RNA structures of considerable complexity.
In view of this, it is perhaps surprising that structures of short RNA duplexes containing alternating CG base pairs, a motif often found in RNA stems, has until now escaped full description. In 1984, a double helical A-type structure was proposed for the r(CGCGCG) 2 studied by high resolution NMR under low salt conditions (9, 10 ). However, the 1 H NMR spectrum was only partly resolved at that time and the structure of this duplex has not been established. This was not only due to a typical severe overlap of the ribose signals for RNA (2, 3, 11) but also to a very pronounced effect of CG motif repetition in the structure. Our long term interest in the structure of RNA duplexes containing alternating CG base pairs was prompted by the finding of a left-handed double helix named Z-RNA (12, 13) . Slow kinetics of A-to Z-RNA transition in 6 M sodium perchlorate was advantageous in determining the NMR structure of the spectrally distinctive Z-form of r(CGCGCG) 2 (14) . Recently, it was found that helicity reversal of the r(CG) n duplexes might also be promoted by high pressure (15) . This was true only for r(CGCGCG) 2 but not for the very stable (T m = 76_C) 2′-O-Me(CGCGCG) 2 (16) . Taken together, these observations suggested unique structural features of right-handed RNA helices containing alternating CG base pairs and prompted us to prepare modified (CG) n duplexes (17) and to study their structures in detail.
In this work we present NMR structures of two self-complementary RNA hexamers, r(CGCGCG) 2 and 2′-OMe(CGCGCG) 2 , under low salt conditions. The length of the duplexes is the minimum which reveals the properties of CG and GC steps in RNA helices. This would not be possible for a shorter duplex, due to the effect of 'fraying ends'. On the other hand, a very pronounced effect of alternation in the structure of longer (CG) n duplexes would have made an accurate NMR analysis of unlabelled molecules very difficult. Both structures form righthanded, overwound mini helices with a number of structural features deviating from canonical A-RNA. Since this is the first report of the solution structure of a 2′-O-methylated RNA duplex, it allowed us to see the effect of 2′-O-methylation on RNA. This issue is relevant to the understanding of the properties of nuclease resistant RNA and was discussed earlier for the DNA/2′-OMe(RNA) heteroduplex in solution (18) and the self-complementary A-DNA duplex containing single 2′-O-methyladenosine in the crystal (19) . The effect of 2′-O-methylation on the parent *To whom correspondence should be addressed. Tel: +48 61 8 528503; Fax: +48 61 8 520532; Email: adamiakr@ibch.poznan.pl r(CGCGCG) 2 is not very pronounced-both duplex structures are governed by the intrinsic properties of the alternating CG base pairs.
The X-ray crystal structure of 2′-O-Me(CGCGCG) 2 at 1.30 Å resolution, the highest to be reported in the RNA field, is presented in the accompanying paper.
MATERIALS AND METHODS

Nuclear magnetic resonance spectroscopy
Oligoribonucleotide samples. The hexamer r(CGCGCG) was synthesised by the phosphotriester method in solution (12, 13) . 2′-O-Me(CGCGCG) was prepared by automated solid-phase synthesis using phoshoramidites as described (13 (21) was applied at three different mixing times τ m = 80, 150 and 300 ms and spectra were acquired with 1K complex data points in the t 2 and 1K real points in the t 1 dimension, with spectral width set to 3.7 kHz. A relaxation delay of 2.5 s between transients was used. Phosphorus decoupling was turned on during mixing and acquisition periods. The residual HOD signal was removed from FIDs during data processing using the linear prediction method (22) . FIDs were zero-filled to 1K complex points in the t 1 dimension and phase shifted sine-bell in both directions were applied as digital filtration functions. After the first Fourier transformation, a base line correction was applied using a fifth order polynomial function. In all spectra, t 1 ridge noise was attenuated by multiplying the first row by one-half (23) prior to the second Fourier transformation. Quantitative NOEs were determined by the integration of 2D NOESY spectra (τ m = 80 and 150 ms) cross-peaks optimised with Lorentzian line shape function using the FELIX software (MSI). 2D NOESY experiments in H 2 O/D 2 O were acquired at 0 and 10_C; mixing time 200 ms, 4K data points in t 2 and 360 points in t 1 . The WATERGATE method (24) was used to suppress the water line. In addition, 1D proton spectra at 300 MHz were acquired using jump and return pulse sequence (25) at temperatures ranging from -3 to +95_C. DQF-COSY experiments (26) were measured with and without 31 P decoupling at narrow spectral width (1.5 KHz) in both dimensions covering all the resonance frequencies of sugar protons. Spectra were collected with 980 t 1 FIDs of 2048 complex points in t 2 from 48 scans each. Low power preirradiation of the residual HDO peak during the 2 s relaxation delay was applied. A squared π/8 shifted sine-bell was applied as a function of digital filtration. The data were zero filled to give 4K × 4K and 2K × 8K matrixes with final digital resolution in the ω 2 direction of 0.8 and 0.4 Hz/point, respectively. Coupling constants J 1′,2′ were estimated from analysis of line shapes in the 1D spectra. All other vicinal homonuclear couplings were determined from cross-peak patterns of 31 P decoupled DQF-COSY spectra and their subsequent simulation using SPHINX/LINSHA programs (27) . The coupling constants J 1′,2′ , J 2′,3′ and J 3′,4′ of both the ribose and 2′-O-methylribose rings were interpreted in terms of pseudorotation phase angles (P) and puckering amplitudes (Φ) with the aid of the program PSEUROT 6.2 (28) . The program also gave the population of major N-type (C3′-endo) conformers. Heteronuclear couplings 3 J P,H were determined by deconvolution of 1D 31 P spectra and cross-peaks analysis and simulation (27) of both coupled and decoupled DQF-COSY spectra. 31 P NMR spectra with and without proton decoupling and 2D heteronuclear 31 2 , were built using the InsightII/Biopolymer software (MSI). For r(CGCGCG) 2 , the set consisted of one duplex structure with parameters as in the fibre model of A-RNA (30) and 15 duplexes generated by varying helical twist (giving 7, 9, 11, 13 and 15 bp/turn) and rise (2.5, 2.8 and 3.1 Å) parameters. For 2′-O-Me(CGCGCG) 2 , the set contained one duplex structure with parameters as in the fibre model of A-RNA but built from 2′-O-methyl-cytidine and -guanosine templates, for which atom charges were calculated using a semiempirical method (MOPAC/Insight II software). A further 15 structures within the set of 2′-O-methylated duplexes were generated in a similar manner as for r(CGCGCG) 2 . All 32 initial structures were optimised by energy minimisation using the Amber force field (31) and conjugate gradient algorithm.
Distance restraints were obtained from quantitative analysis of NOE cross-peaks using an iterative relaxation matrix approach (32) (IRMA/NMRchitect, MSI). In addition, 18 constraints defining Watson-Crick base pairing (1.9 ± 0.3 Å) were applied. Three to five cycles of iteration, including 5 ps rMD, were necessary to reach convergence to 'distance refined' structures as inspected by analysis of R-factors described in IRMA/NMRchitect module. The IRMA not only refines the distances but also narrows the restraint bounds, so that the range of uncertainties for distance constraints varied from ±5 to ±20%. The structures from last IRMA cycles were further refined by introduction of torsion angle constraints and subsequent rMD simulation. The majority of torsion angle constraints were obtained from analysis of coupling constants 3 J H,H (33) and 3 J P,H (34) . The range of uncertainties for dihedral constraints of H1′-C1′-C2′-H2′, H2′-C2′-C3′-H3′ and H3′-C3′-C4′-H4′ angles was ±10_; for others ±20_. Additionally, NOE-derived restraints for the anti glycosyl angle χ were introduced. The backbone angles α and ζ constraints, derived from the 31 P NMR chemical shifts analysis, were intentionally omitted due to their low accuracy (7) . In the refinement of r(CGCGCG) 2 2 , respectively. Force constants of 20 kcal/mol/Å 2 and 30 kcal/mol/rad 2 were applied for distance and torsion angles restraints, respectively. In vacuo, 100 ps rMD simulations (300 K, with reduced phosphate charges and distance-dependent dielectric constant ε = r ij ) and energy minimisation were conducted using the Amber force field (31) 2 , respectively. Therefore, for both duplexes, the closely similar 16 structures were averaged and subjected to unrestricted minimisation (100 iterations, conjugate gradient method) to deliver a single final, averaged duplex structure (as deposited in the PDB) for both, r(CGCGCG) 2 and 2′-O-Me(CGCGCG) 2 . The criterion of good stereochemistry was fulfilled for both final structures. R.m.s. deviations from ideal values (Amber forcefield) were: 0.010 Å for bond lengths and 2.3_ for bond angles. Application of experimentally obtained constraints to the rMD calculation conducted with B-DNA, as initial structure, resulted in rapid reversal to the A-type helix. The precision of the final structures were confronted with the experimental data with use of two factors. The first, based on differences between calculated and experimental NOE intensities (sixth-root R factor ), given in the IRMA protocol, of 0.020 and 0.010 for r(CGCGCG) 2 and 2′-O-Me(CGCGCG) 2 , respectively. This factor is about twice higher when canonical A-RNA form of these duplexes is considered. Second factor, based on differences between all measured and theoretical 3 J H,H and 3 J P,H (named J rms indicator), was 1.16 Hz for both duplexes. Theoretical coupling constants were obtained using the modified Karplus equation (33, 34) . Helical parameters for both final structures and conformational space were evaluated using the program CURVES 5.11 (35) . All conformational parameters were subjected to statistical analysis.
RESULTS AND DISCUSSION
NMR spectra analysis
Assignments of non-exchangeable protons. 1 H NMR spectra of the 2′-O-Me(CGCGCG) 2 were initially assigned as previously reported (36) . The presence of 2′-O-methyl groups in the duplex structure gave advantages (14, 36) in the analysis of the parent r(CGCGCG) 2 spectra. Signals of H6/H8 and H1′/H5 protons were well separated from others of ribose and 2′-O-methylribose residues in 1D 1 H NMR spectra of both r(CGCGCG) 2 and 2′-O-Me(CGCGCG) 2 . An analysis of 2D NOESY spectra in the H6/H8-H1′/H5 region was performed following the procedure for right-handed DNA/RNA double helices (10,11) based on probing intra-and inter-nucleotide connectivieties between H1′ and H6/H8. For r(CGCGCG) 2 , the results of H1′/H5 and H8/H6 assignment were the same as reported (9, 10) . The H1′ resonances appear as singlets over a wide temperature range while H1′ of G6 forms a doublet due to weak coupling with H2′. Small values of J 1′,2′ indicated the N-conformation for all sugar moieties in both duplexes. The chemical shifts of all aromatic protons (Table 1) and aromatic carbons (unpublished 13 C NMR data) for r(CGCGCG) 2 and 2′-O-Me(CGCGCG) 2 were very similar. This points to structural similarity of the two duplexes in terms of stacking pattern. Due to the local influence of 2′-O-methyl groups, the H1′ of 2′-O-Me(CGCGCG) 2 are deshielded ∼0.15 p.p.m., when compared to r(CGCGCG) 2 . Difficulties arose for both duplexes in the assignment of resonances for H2′, H3′, H4′, H5′ and H5′′ protons which lie close together in the 3.8-4.8 p.p.m. region. The H2′ resonances of C1, G2, C3, G4 and C5 were assigned from NOESY spectra based on strong sequential inter-residue interactions between H6/H8 (i) and H2′ (i -1) characteristic of A-RNA helices (10) . Previously, this approach allowed the assignment of H2′ for r(CGCGCG) 2 (9) . In addition, assignments of H2′ signals were confirmed by analysis of cross-peak NOE intensities within the region H1′/H5-H2′/H3′/H4′/H5′/H5′′. The NOEs between H1′ and H2′ were the strongest in this region. This is consistent with smaller H1′-H2′ distances than H1′-H3′ and H1′-H4′ ones; assuming N-conformation for the sugars. The DQF-COSY spectrum in the latter region contained only one cross-peak resulting from a scalar coupling between H1′/H2′ protons of G6.
For r(CGCGCG) 2 , the 2D NOESY spectrum concerning H3′ and H4′ was very crowded making the search for both intranucleotide and sequential connectivities difficult and incomplete. Due to the effect of 2′-O-methylation, the H2′ and H3′ resonances of 2′-O-Me(CGCGCG) 2 were more dispersed ( Table 1) allowing assignment of both intra-and inter-nucleotide connectivities (Fig.  1) . Therefore, for both duplexes, the assignment of H3′ and H4′ signals was based on the analysis of H2′-H3′ and H3′-H4′ cross-peaks in the 31 P decoupled DQF-COSY spectra (Fig. 2) .
For r(CGCGCG) 2 and 2′-O-Me(CGCGCG) 2 all resonances of prochiral H5′ and H5′′ protons were assigned. For C1, G2, G4 and G6 residues, the DQF-COSY spectrum revealed correlation signals between H4′-H5′ and H4′-H5′′. No such correlations were observed for C3 and C5 due to overlap of the H4′ and H5′′ signals. Assignments of H5′ and H5′′ for the latter units were based on the analysis of weak correlation signals between H6/H8 and H5′′ in the NOESY spectrum (τ m = 150, 300 ms). Analysis of DQF-COSY spectra led to identification of six correlation signals for both duplexes reflecting geminal couplings H5′-H5′′. The large effect of 2′-O-methylation on the H5′′ of G2, C3, G4, C5 and G6 residues, reflected by differences in the appropriate chemical shifts of both duplexes (Table 1) , allowed stereospecific assignment of these protons. Due to the 2′-O-methylation the H5′ signals are shifted up-field (∼0.16 p.p.m.) whereas the chemical shifts of H5′′ signals remain unchanged. This effect is caused by a close spatial contact between the 2′-O-methyl groups and the H5′ protons of the 3′-end of the neighbouring residue of 2′-O-Me(CGCGCG) 2 (Fig. 3) . Such a close contact is not seen for H5′′ protons. For the C1 residue the stereospecific assignment of H5′, H5′′ was based on analysis of the NOESY cross-peaks of H3′-H5′ and H3′-H5′′. For 2′-O-Me(CGCGCG) 2 , 1D 1 H NMR spectra showed six well separated signals which were assigned from NOE sequential connectivieties of 2′-O-methyls with H1′ and with H6/H8 protons ( (Table 1) . Assignment of exchangeable imino protons of guanines and amino protons of cytosines for r(CGCGCG) 2 and 2′-O-Me(CGCGCG) 2 was accomplished by analysis of 2D NOESY spectra with τ m = 200 ms at 0 and 10_C. In contrast to guanine imino proton signals, those for cytosine amino protons were seen at higher temperatures. With increase of temperature, three groups of hydrogen-bonded and no-bonded amino protons average to form three broad singlets observed up to the melting points of respective duplexes. Premelting of both duplexes was seen also in the broadening of all cytidine H5 and, to a lesser extent, H6 resonances. This shows that the exchange of cytosine amino protons with water is slow. Phosphorus nuclei assignments. 31 P NMR spectra of both duplexes show phosphorus nuclei signals in the narrow region of spectral widths <0.6 p.p.m. This is typical for right-handed RNA duplexes (2,37). For r(CGCGCG) 2 and 2′-O-Me(CGCGCG) 2 , all five signals have been assigned and their 31 P chemical shifts measured in the 5′→3′ direction are -0.72, -1.12, -0.78, -1.26, -0.83 p.p.m. and -1.20, -1.48, -1.13, -1.63, -1.04 p.p.m., respectively. In a previous report (9,10) on r(CGCGCG) 2 , the phosphorus signals were not assigned. Our assignment was based on 2D heteronuclear 31 P-1 H chemical shift correlation (COLOC) spectra which clearly show strong P-H3′ cross-peaks and weak signals corresponding to P-H5′, P-H5′′ and P-H4′. As expected (33), for both duplexes, chemical shifts for CpG and GpC steps are gathered in two groups, the first being offset to the lower field. Differences between 31 P chemical shifts values are very small. This is in contrast to Z-RNA (12-14) for which much larger differences between CpG and GpC steps have been observed. All phosphorus signals of 2′-O-Me(CGCGCG) 2 were considerably shifted up-field compared to r(CGCGCG) 2 .
Structural features of the r(CGCGCG) 2 and 2′-O-Me(CGCGCG) 2 under low salt conditions
Conformation of ribose and 2′-O-methylribose rings.
The conformation of ribose and 2′-O-methylribose rings within both duplexes was studied applying a two-state model (38) and described in terms of N-and S-conformers. Analysis based on individual coupling constants J 1′,2′ , J 2′,3′ and J 3′,4′ was done with the program PSEUROT 6.2 (28) . Measured and calculated coupling constants and conformational parameters describing sugar puckering and fraction of N-conformers are presented in Table 2 . As expected, the N-conformation dominates for all nucleoside units in both r(CGCGCG) 2 and 2′-OMe(CGCGCG) 2 . For the terminal G6 in both duplexes, only a very small population of the S-conformer was detected. The C3′-endo sugar pucker is typical of A-RNA (39). Electronegative 2′-substitution including 2′-O-methylation leads to further C3′-endo pucker stabilisation (40, 41) . In the present study, most of the ribose rings of the parent r(CGCGCG) 2 are already stabilised in the C3′-endo conformation with elevated pucker amplitudes and hence the effect of 2′-O-methylation is much less pronounced than expected. This led to the overall similarity of the two duplexes. The puckering of ribose and 2′-O-methyl-ribose rings resulting from coupling constants analysis was confirmed by the quantitative study of intra-sugar NOE connectivieties between H1′ and H2′/H3′/H4′ protons. The integration of H1′-H2′ cross-peaks was three to four times higher than H1′-H4′ proving pure C3′-endo pucker for all residues. The rMD refinement protocol introduced no substantial changes to the experimentally derived sugar pucker parameters. Melting studies and above results show that end-effects, although measurable are very small if, especially in the case of the 2′-O-methylated analogue, not negligible.
Glycosyl bond and backbone conformational analysis. For r(CGCGCG) 2 and 2′-O-Me(CGCGCG) 2, glycosyl bond torsion angles χ were determined from analysis of NOEs. The low intensity of H1′-H6/H8 NOESY cross-peaks indicated an anti conformation for all nucleotide residues in both duplexes. The torsion angles χ ranged from -154 to -177_ and were quantitatively determined from intra-residue H6/H8-H3′/H2′ NOEs. Spectral overlap of H2′ and H3′ signals for C1 and C3 residues in r(CGCGCG) 2 did not allow such a quantitative description. The backbone torsion angles β, γ and ε were determined from experimentally assessed coupling constants (33) . Small homonuclear coupling constants J 4′,5′ (2.0 ± 1 Hz) and J 4′,5′′ (2.5 ± 1 Hz) determined for r(CGCGCG) 2 and 2′-O-Me(CGCGCG) 2, indicate γ torsion angles ranging from 41 to 58_. Those are related to (+) gauche conformations. For the terminal ribo-and 2′-O-methyl C1 residues, coupling J 4′,5′′ (3.7 ± 1 Hz) indicated the presence of a small fraction of the trans conformation. The heteronuclear coupling constants J P,H5′ , J P,H5′′ , with average value 2.0 ± 1 Hz, were used to determine β torsion angles (178-183_). In addition, the presence of cross-peaks related to long-range couplings 4 J P,H4′ in COLOC spectra confirmed the (+) gauche for γ and trans for β torsion angles. Heteronuclear couplings J P,H3′ (7.6-8.8 ± 1.0 Hz) and (8.5-9.6 ± 1.0 Hz) were measured for residues C1, G2, C3, G4 and C5 in r(CGCGCG) 2 and 2′-O-Me(CGCGCG) 2 , respectively. These data show that for both duplexes the trans conformation is favoured with ε values 201-209_. The δ torsion angles were included in the evaluation of pseudorotation phase angles.
Experimentally determined torsion angles were compared with those resulting from the rMD refinement. For both duplexes, values for α, β, γ, δ, ε, ζ and χ describing final structures and those of conformational space are close to experimental values and to those of the A-type helices (Table 3) . For the 2′-OMe(CGCGCG) 2 there are, however, two exceptions concerning α and γ torsion angles. The γ torsion angles are, on average, 20_ higher than those of r(CGCGCG) 2 and of canonical A-RNA. This is compensated by a decrease of α torsion angles. This effect is in accord with the anti-correlation principle concerning torsion angles α and γ in the A-type helices (42) . Most probably, higher γ angles are due to the influence of the 2′-O-methyl substituent which is spatially close to the H5′ protons as indicated above. The α torsion angles show lower values for GC than CG steps. These changes are also reflected by differences in the 31 P NMR chemical shifts; sensitive to conformational changes described by α angles (2,4,37) . The ζ angles alternate more for CG than GC steps but to a lesser extent than for α. (12) 37 (3) 90 (4) a With program PSEUROT 6.2 (28); standard deviations, from calculations using all permutations of possible coupling constants values, are given in parentheses. Table 3 . The α, β, γ, ε and ζ backbone torsion angles a and χ glycosidic angles for r(CGCGCG) 2 and 2′-O-Me(CGCGCG) 2 derived from the rMD trajectories b
72 (9) 195 (4) 197 (4) 296 (5) 285 (4) 218 (5) 201 (5) G2 292(5) 277 (9) 181 (5) 180 (4) 52 (6) 70 (7) 189 (4) 203 (4) 301 (3) 291 (5) 208 (5) 202 (4) C3 281(4) 267 (7) 189 (4) 177 (5) 49 (4) 75 (5) 193 (4) 201 (4) 290 (4) 288 (5) 208 (5) 213 (5) G4 298(4) 262 (8) 182 (4) 179 (5) 43 (6) 79 (6) 201 (4) 208 (4) 301 (4) 294 (4) 204 (5) 207 (5) C5 266 (7) 247 (8) 175 (4) 177 (5) 81 (5) 85 (6) 200 (4) 201 (4) 300 (4) 288 (4) 204 (5) 206 (5) G6 295 (5) 274 (8) 176 (4) 173 (4) 52 (4) 72 (6) To study the structure of duplexes in more detail, coordinates of the final structures and conformational space molecules were subjected to helical parameters calculation (35) and statistics (Table 4 ). In r(CGCGCG) 2 and 2′-O-Me(CGCGCG) 2 , the Watson-Crick scheme of hydrogen bonds within CG base pairs is preserved, as expected. Typical for A-RNA the central hole viewed down the z-axis is relatively small (Fig. 4) . This is consistent with the x-displacement parameters of -4 and -3.3 Å for r(CGCGCG) 2 and 2′-O-Me(CGCGCG) 2 . The r(CGCGCG) 2 is characterised by a very low helical rise which alternates from being as small as 2.0 Å for CG step and ∼2.5 Å for the GC step. For 2′-OMe(CGCGCG) 2 this parameter increases monotonically, reaching an average value 2.7 Å for the C5-G6 step, i.e., within the range typical for A-RNA. The helical twist angles are much higher than those in A-RNA and rise up to 42_ in the centre of the 2′-O-Me(CGCGCG) 2 duplex. The duplexes form a little more than one half-turn of overwound helix. In both structures, a full-turn of helix would contain only 9.6 bp. If terminal base pairs are excluded from parameterisation an average 9.4 and 9.0 bp per turn would be observed for r(CGCGCG) 2 and 2′-O-Me(CGCGCG) 2 . The inclination angles for r(CGCGCG) 2 show a high average value of 24_. They are even higher for 2′-O-Me(CGCGCG) 2 , reaching 30_ in the core of the duplex. Analysis of the rMD trajectory shows that, due to base-base interactions, change in the inclination angle of a single base-pair induces concerted change of inclination in both neighbouring base-pairs (a 'domino effect') and two other parameters: helical twist and slide. An increase of the inclination and a helical twist led to an increase of the slide. The latter parameter also shows a tendency to alternate being smaller for CG steps. The propeller twist angles for both duplex base pairs are exceptionally high (Table 4 ) and vary so as to adjust the intra-strand stacking of guanines. In both cases, values of the roll angles are rather low and alternate. They are positive for CG steps, indicating their tendency to be open toward the minor groove, and negative for GC steps, reflecting opening toward the major groove. A similar tendency was noted earlier for crystals of cytosine-and guanine-rich A-DNA duplexes (43) .
For r(CGCGCG) 2 and 2′-O-Me(CGCGCG) 2 , a striking, regular pattern of stacking has been found-different for CG and GC steps (Fig. 5) . Within CG steps of both duplexes, inter-strand cytosines are non parallel (with a high average dihedral angle 40_ between their planes) while guanines are almost parallel. This is true even for terminal base pairs. For GC steps, guanines are non-parallel (on average 25_) and cytosines show a tendency to be parallel (on average 14_). This conformational feature is even more pronounced for 2′-O-Me(CGCGCG) 2 in the crystal (see the following paper). In CG steps there is only limited inter-strand stacking of guanines (Fig. 5) , in contrast to a typical purine inter-strand stacking pattern observed in pyrimidine-purine steps of A-RNA helices (39) .
Broad and shallow minor grooves are characteristic for both duplexes. The average minor groove widths based on distances between phosphorus atoms, when the sum of the van der Waals radii (5.8 Å) was substracted, are 10.9 Å for r(CGCGCG) 2 and 11.5 Å for 2′-O-Me(CGCGCG) 2 . This is in the range typical for A-RNA (39) . Due to the short length of the duplexes, measurement of major groove width was not possible. Therefore, to overview the topography of major grooves the computer models of r(CG) 10 and 2′-O-Me(CG) 10 helices were inspected. Models of two-turn helices were generated by a computer extension of four internal CG base pairs core from the NMR-derived coordinates. It appeared that the major grooves are exceptionally deep and narrow. We do not present detailed measurements here since the precision of such a model must be further evaluated.
Conformational features of RNA duplexes containing alternating CG base pairs have been studied on two duplexes: one native sequence r(CGCGCG) 2 and its 2′-O-methylated analogue. It appeared that their low salt solution structures deviate significantly from a canonical A-RNA structure known from fibre diffraction data (30, 44) . The question arises: do their structural properties fall in the range typical for A-RNA helices or do they resemble other helices such as A′-RNA and A-DNA of the A-type genus? Values of parameters such as low rise and x-displacement and large helical twist and inclination ruled out similarities with poly(I)·poly(C) typical to the A′-RNA structure (30) . Interestingly, structures of cytosine-and guanine-rich short, crystalline A-DNA duplexes are characterised by low inclination, 12 bp per turn and an average rise of 3.0 Å-parameters typical for A′-RNA (45, 46) . For 2′-OMe(CGCGCG) 2 , conformational parameters such as helical twist, rise and inclination closely resemble that of the fibre model of calf-thymus A-DNA (44) . In addition, δ torsional angles, crucial for describing sugar pucker, with an average value of 45_ for both duplexes were rather typical of A-DNA. With the limited number of cases evaluated, we are not yet in a position to claim to have found a sub-class in the A-RNA family. One might conclude that the canonical A-RNA form of both duplexes is within the envelope of converged structures (Tables 3 and 4 ) but only at low abundance. New RNA duplex structures must be solved to classify properties of this type of RNA duplexes.
Effect of 2′-O-methylation.
Demand for both chemically-and enzyme-resistant hybridisation probes (antisense technologies) and 2′-O-modified RNA to study mechanism of ribozymes action, resulted in a growing interest in 2′-O-methylated oligoribonucleotides (47) . The effect of the increasing T m of the probe/target duplex structures was of additional benefit when using 2′-O-methylated probes. However, only limited information is available on the structural effects of 2′-O-methylation on RNA duplexes. The NMR study of DNA/2′-O-Me(RNA) hybrid duplex was reported earlier (18) but a refined model of the structure was not generated. The advantage of 2′-O-methyl substitutents when studying NMR spectra (18) was of importance to our work (36) . In addition, the crystal structure of a self-complementary DNA duplex containing a single 2′-Omethyladenosine residue has been reported (19) . In the latter paper the authors attempted computer model building of a decamer duplex, made of all the four 2′-O-methylribonucleoside units, based only on data from 2′-O-methyladenosine. Our experiments, concerning model building of r(CG) 10 and 2′-OMe(CG) 10 , show that too much faith was given to that procedure. Both papers established a position for 2′-O-methyl groups which point toward the minor groove of hybrid type duplexes.
The solution structure of 2′-O-Me(CGCGCG) 2 allows us for the first time to look at the effect of 2′-O-methylation on an RNA duplex. Since we have considered an RNA structure containing alternating CG base pairs of specific properties no general conclusions can be drawn concerning 2′-O-methylated RNA duplexes of random sequence. The effect of 2′-O-methylation on r(CGCGCG) 2 was clearly seen in the increase of T m from 68 to 76_C. Surprisingly, 2′-O-methylation of the parent r(CGCGCG) 2 has a smaller effect on the structure than expected. Further stabilisation of sugar C3′-endo puckering for end residues C1 and G6 was observed (Table 2 ). 2′-O-Methyl groups are spatially very close to the H5′ of residues neighbouring from the 3′-side with an average distance 3.4 Å between carbon atoms of 2′-O-methyls and 5′-protons (Fig. 3) . Their involvement in tuning the backbone conformation is manifested by increasing of γ angles up to 25_ relative to r(CGCGCG) 2 . In addition, due to 2′-O-methylation, the x-displacement parameter is lowered and helical twist angles, inclinations and propeller twist are higher. The rise parameter is higher and there is no alternating of this parameter, in contrast to r(CGCGCG) 2 . The 2′-O-methyl groups are in close proximity to base pairs (Fig. 3) as indicated by NOEs between those groups and H6/H8 protons.
In the parent r(CGCGCG) 2 , the minor groove is broad enough to easily accommodate all ten 2′-O-methyl groups without much distortion. In 2′-O-Me(CGCGCG) 2 , the average distance between intra-strand 2′-O-methyl carbon atoms is 6.3 Å (r.m.s. 0.2 Å). This corresponds to the value 6.6 Å (r.m.s. 0.4 Å) reported for a computer model of the 2′-O-Me(RNA) decamer duplex (19) . The distance between inter-strand 2′-O-methyl carbon atoms is 7.5 Å (r.m.s. 0.4 Å). This means that the distance between 2′-O-methyl groups across the minor groove is only 3.5 Å when substracting 4 Å for the van der Waals radii for two methyl groups. The latter value is lower than that by the X-ray analysis of 2′-O-methylated A-DNA duplex (4.8 Å) and higher when estimated from model of 2′-O-Me(RNA) duplex (2.4 Å) (19) . Closely spaced 2′-O-methyl groups resulted in the formation of a hydrophobic cushion within the minor groove of 2′-OMe(CGCGCG) 2 ; a feature confirmed by X-ray analysis of this duplex (see the accompanying paper).
